Despite the well-accepted notion that early maternal influences persist beyond fetal life and may underlie many adult diseases, the risks imposed by the maternal environment on breast cancer development and underlying biological mechanisms remain poorly understood. In this study, we investigated whether early exposure to blueberry (BB) via maternal diet alters oncogene Wnt1-induced mammary tumorigenesis in offspring. Wnt1-transgenic female mice were exposed to maternal Casein (CAS, control) or blueberry-supplemented (CAS + 3%BB) diets throughout pregnancy and lactation. Offspring were weaned to CAS and mammary tumor development was followed until age 8 months. Tumor incidence and latency were similar for both groups; however, tumor weight at killing and tumor volume within 2 weeks of initial detection were lower (by 50 and 60%, respectively) in offspring of BB-versus control-fed dams. Dietary BB exposure beginning at weaning did not alter mammary tumor parameters. Tumors from maternal BB-exposed offspring showed higher tumor suppressor (Pten and Cdh1) and lower proproliferative (Ccnd1), anti-apoptotic (Bcl2) and proangiogenic (Figf, Flt1 and Ephb4) transcript levels, and displayed attenuated microvessel density. Expression of Pten and Cdh1 genes was also higher in mammary tissues of maternal BB-exposed offspring. Mammary tissues and tumors of maternal BB-exposed offspring showed increased chromatin-modifying enzyme Dnmt1 and Ezh2 transcript levels. Body weight, serum insulin and serum leptin/adiponectin ratio were lower for maternal BB-exposed than control tumor-bearing offspring. Tumor weights and serum insulin were positively correlated. Results suggest that dietary influences on the maternal environment contribute to key developmental programs in the mammary gland to modify breast cancer outcome in adult progeny.
Introduction
The concept that the risk of adult diseases is partially established in the womb (i.e. fetal origin of adult diseases) was initially advanced by Professor David Barker for coronary heart disease in the 1980s (1) . Since this seminal (and highly provocative) report, many epidemiological studies have linked poor maternal health to subsequent detrimental health effects in adult offspring (2) (3) (4) . Nevertheless, the mechanisms underlying these life-long linkages, by which limited exposure (less than a year) to a non-supportive maternal environment can affect susceptibility to many devastating adult diseases, such as diabetes and cancer, are essentially unknown (5) .
Breast cancer is the second leading cause of cancer-related deaths and the most common malignancy among women (6) . Although this complex disease exhibits prominent genetic underpinnings (7) , there is growing acceptance that susceptibility to breast cancer may be partly predetermined in utero (8) . Initial support for this concept came from findings of increased breast cancer risk in daughters of women who used the synthetic estrogen diethylstilbestrol during pregnancy to prevent miscarriage (9, 10) . Diet and nutrition are well-accepted modifiable risks for breast cancer. Maternal exposure to dietary components has been reported to elicit significant effects on mammary gland development and breast cancer outcome in offspring in rodent models. For example, female rat offspring exposed to a maternal high fat diet during gestation have higher incidence of and larger mammary tumors when administered the carcinogen 7,12-dimethylbenz [a] anthracene as young adults (11, 12) . A fat-enriched maternal diet similarly increased spontaneous mammary tumor formation in outbred mice (13) and in transgenic mice overexpressing the c-neu oncogene (14) . Protein restriction during pregnancy and lactation resulted in early onset of mammary tumorigenesis (by 2-fold) in rat offspring after N-methyl-N-nitrosourea administration (15) . Further, agouti mice exposed to soy isoflavone genistein early in life via maternal diet were more likely to adopt a 'healthy' pseudoagouti rather than the 'disease-prone' yellow agouti phenotype (16) . Our own studies showed that in utero and lactational exposure to a soy protein diet increased the latency and decreased the multiplicity of N-methyl-Nnitrosourea-induced mammary tumors in rat offspring (17) . These protective effects were partly mediated by increased expression of the tumor suppressor E-cadherin in the mammary gland prior to carcinogenic insult. Nonetheless, whereas pharmacological agents, carcinogens and other environmental endocrine disruptors (e.g. high estrogen concentrations) are known to disrupt the normal course of mammary gland development via their gene-altering activities (18) , a clear understanding of how maternal nutritional history and specifically, how maternal consumption of diets readily available to the Western population may predispose to breast cancer risk in progeny upon fetal exposure, is yet to be achieved.
To further explore the role of maternal diet in breast cancer outcome of adult progeny following fetal/neonatal exposure and potential underlying mechanisms, we evaluated the effects of whole blueberry (BB) powder consumed by pregnant and lactating dams on mammary tumor incidence and progression in their offspring. Our study used MMTV-Wnt1-transgenic (Wnt1-Tg) mice that overexpress the oncogene Wnt1 in the mammary gland (19) . Although mutations in Wnt components are rarely seen in women with breast cancer, with the exception of metastatic breast carcinoma (20) , overexpression of Wnt1 leads to increased β-catenin nuclear pools, a feature of >50% of human breast carcinomas (21) . In a previous study, we showed enhanced prepubertal mammary gland differentiation in female rat offspring of dams consuming BB diet (22) , although mammary tumor parameters were not evaluated. Recently, dietary intake of whole BB powder was shown to elicit anti-tumor and anti-metastatic activity in nude mice when transplanted with MDA-MB-231 triple negative breast cancer cells (23) . Further, studies in humans (24) and rodents (25) demonstrated that dietary BB supplementation inhibited obesityassociated insulin resistance, in part by decreasing inflammation. In this study, we tested the hypothesis that fetal and lactational exposure to maternal BB-supplemented diet will suppress mammary tumor incidence and/or progression in adult offspring through effects on critical oncogenic and metabolic (insulin) signaling pathways, and which may involve altered expression of key DNA-modifying enzymes.
Materials and methods

Animals and diets
Animal studies were performed in compliance with protocols approved by the University of Arkansas for Medical Sciences Institutional Animal Care and Use Committee. Animals were housed in polycarbonate cages under conditions of 24ºC, 40% humidity and a 12 h light, 12 h dark cycle. Wnt1-Tg male mice [B6SJL-Tg(Wnt1)1Hev/J] were purchased from Jackson Laboratories (Bar Harbor, ME) and mated with wild-type (WT) females of the same strain to generate female Wnt1-Tg offspring. In Study 1, WT dams were randomly assigned to one of two diets prior to mating: (i) American Institute of Nutrition-93G-based pelleted diet containing casein (CAS) as the major protein source (Harlan, Indianapolis, IN) and (ii) CAS to which was added freezedried whole wild BB (Vaccinium angustifolium) powder (generous gift of the Wild Blueberry Association of North America, courtesy of Susan Davis) at 3% by weight of feed (designated BB). Supplementary Table 1 , available at Carcinogenesis Online describes the preparation and processing of the composite BB powder, its average total anthocyanin content and relative anthocyanin concentrations. Diet with added BB powder was formulated to be isoenergetic and isonitrogenous (Supplementary Table 2 , available at Carcinogenesis Online). Dams were maintained on the same diets throughout pregnancy and lactation. At weaning (PND21), female pups from both diet groups were weighed and genotyped for presence or absence of Wnt1-transgene following protocols suggested by the supplier (Jackson Laboratories). Dams fed either diet had comparable pregnancy weight gains, litter size and pup weaning weights (data not shown). A cohort of the WT and Wnt1-Tg female offspring from each diet group (n = 5-6 per group, per genotype) was euthanized at PND21 for analyses of mammary tissue parameters and gene expression (below). The remainder of the WT females were weaned to CAS (control) diet and at PND50, mammary tissues were collected for similar analyses (n = 5-6 per diet group per genotype). Corresponding Wnt1-Tg female offspring from the maternal diet groups (CAS: n = 33; BB: n = 28) were weaned to CAS and followed for mammary tumor development until age 8 months. In Study 2, WT dams mated to Wnt1-Tg males were fed CAS throughout pregnancy and lactation. Female Wnt1-Tg offspring were weaned to either CAS (n = 33; same group from Study 1) or BB-supplemented CAS (n = 22) diets and followed for mammary tumor development until age 8 months. Mice were provided food and water ad libitum and weight gains were documented weekly. All animals that did not develop tumors by 8 months of age were euthanized.
Mammary tissue collection and tumor analyses
Mammary gland pairs 2, 3 and 4 were harvested from PND21 (WT and Wnt1-Tg) and PND50 (WT) mice and used for analyses as follows. The left inguinal mammary gland (4) was fixed for whole-mount analyses, whereas the corresponding right gland (with lymph nodes removed) was immediately homogenized in Trizol (Invitrogen, Carlsbad, CA) for RNA analyses (below). The right-halves of mammary glands 2 and 3 were snap frozen at -80ºC for western blot analyses. Wnt1-Tg mice were palpated twice weekly from 4 weeks of age to monitor tumor formation. Tumors were measured using a caliper for length, width and height at initial detection and 2 weeks later were excised, weighed and re-measured. Tumor volume was calculated using the standard calculation for a sphere (4/3 × 3.14 × ab 2 ) (26). Tumors were divided into three parts: one part was processed for immunohistochemistry and pathology, the second was extracted for RNA analyses and the third was stored at -80ºC for protein analyses.
Microvessel density analysis
Microvessel density was determined in tumors from Wnt1-Tg mice (n = 3-4 per diet group) as described previously (27) . Microvessels were immunolabeled with rat anti-mouse CD34 (AbD-serotec, Kidlington, UK) at 1:25 dilution, followed by biotinylated rabbit anti-rat IgG at 1:100 dilution (Vector Laboratories, Burlingame, CA). Staining was visualized using VectaStain Elite ABC kit followed by Vector DAB substrate kit as per manufacturer's instructions (Vector Laboratories). Sections were lightly stained with hematoxylin. Stained tissue sections were scanned by Aperio ScanScope (Aperio Technologies, Vista, CA) to capture high resolution digital images of the entire section. Vessels were counted in five random areas of tumor infiltration (1 mm 2 /area) per tumor sample in a blinded fashion.
Whole-mount analyses, immunohistochemistry and tumor pathology
Whole mounts of fat pads were prepared as described (22) and evaluated under a dissecting microscope. The total numbers of terminal end buds (TEBs), located at the leading edge of the fat pad, were counted from whole mounts of the left mammary gland 4; four to five mice were used for each diet group. Branching density for each gland was quantified by counting the number of branched points within a box of fixed dimensions (22) . Histopathology of tumors from hematoxylin-eosin stained paraffin sections (17) was determined by a residency-trained veterinary pathologist (L.J.H.) using accepted criteria established by an expert panel of surgical, veterinary and experimental pathologists (28) . Immunostaining for cyclin D1 used anticyclin D1 antibody (1:250 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) following the manufacturer's protocols. Sections of solid carcinoma tumors from four individual mice per diet group were analyzed. Negative controls were tumor sections processed in parallel, except with the omission of primary antibody.
Quantitative real-time PCR
Total RNA isolation, preparation of corresponding cDNAs and quantitative real-time PCR (QPCR) analyses followed previously described protocols (29) . Primers (Supplementary Table 3 , available at Carcinogenesis Online) were designed to span introns, using Primer Express software (Applied Biosystems, Foster City, CA) and were synthesized by Integrated DNA Technologies (Coralville, IA). The expression of each target mRNA was calibrated to a standard curve generated using pooled cDNAs and normalized to that of TATA-box binding protein (Tbp).
Western blot analyses
Whole cell lysates and nuclear extract proteins were prepared from frozen mammary tumors and subjected to immunoblotting as described previously (30) . Primary antibodies used were anti-PTEN (1:1000; Cell Signaling, Danvers, MA), anti-cyclin D1 (1:400; Santa Cruz Biotechnology), anti-DNMT1 (1:1000; Abcam, Cambridge, MA), anti-EZH2 (1:1000; Cell Signaling) and anti-β-actin (1:2000; Sigma Chemical Co., St Louis, MO). The immunoreactive proteins were visualized with the Amersham ECL Plus kit (GE Healthcare Life Sciences, Piscataway, NJ). Digital images were captured using the GE Image Scanner III detection system and quantified using Quantity One software (Bio-Rad Laboratories, Hercules, CA).
Serum hormone assays
The levels of insulin and leptin in sera of Wnt1-Tg mice displaying solid carcinoma tumors 2 weeks post initial tumor detection (Study 1: n = 9 individual mice per diet group) were measured using the Milliplex MAP mouse serum adipokine kit (Millipore Corp., Billerica, MA), following the manufacturer's instructions. For insulin and leptin assays, the sensitivity thresholds were 24.9 and 3.7 pg/ml, respectively, whereas intra-and interassay coefficients of variations were <4.5 and 10.3%, respectively. Serum insulin levels for mice in Study 2 (n = 8-9 individual mice per diet group) were measured using the Rat/Mouse Insulin ELISA kit (Millipore); sensitivity was 0.2 ng/ml and intra-and interassay coefficients of variations were 5 and 11%, respectively. Serum adiponectin concentrations were measured using a mouse adiponectin ELISA kit (Millipore Corp.). Adiponectin assay sensitivity was 0.5 ng/ml and intra-and interassay coefficients of variations were <6%. Serum IGF-1 levels were measured using the Mouse/Rat IGF-1 immunoassay kit (R&D Systems, Minneapolis, MN), with a sensitivity threshold of 1.6 pg/ml.
Data analyses
Data are presented as mean ± SEM and were compared by t-test or one-way analysis of variance, using SigmaStat version 3.5 Software (SPSS, Chicago, IL). Differences in tumor incidence between diet groups were determined by Fisher Exact test. P ≤ 0.05 was considered to be statistically significant.
Results
Dietary exposure to BB through maternal diet altered mammary parameters in offspring
Whole mounts of fat pads were prepared from WT and Wnt1-Tg female offspring of dams that were fed control (CAS) or BB-supplemented (BB) diets during pregnancy and lactation ( Figure 1A ). At weaning (PND21), mammary glands from Wnt1-Tg offspring of CAS-fed dams displayed extensive ductal side-branching and highly developed lobuloalveoli structures ( Figure 1B) . In contrast, mammary glands from WT littermates ( Figure 1B) showed rudimentary branching and distinct TEBs, with no detectable alveoli. The extensive mammary hyperplasia elicited by Wnt1 overexpression in PND21 Wnt1-Tg offspring precluded an accurate determination of differences in mammary branching and TEB numbers with diet. To determine whether maternal diet affected mammary gland development, whole mounts of fat pads from young adult (PND50) WT female offspring that were exposed to maternal CAS or BB diets were evaluated. Dietary BB-exposed PND50 WT offspring displayed mammary glands that had less side-branching than CASexposed counterparts ( Figure 1C ). The numbers of branched points (a measure of the ductal network) in mammary glands of BB offspring were lower than those of control offspring at both PND21 and PND50 ( Figure 1D ). The numbers of TEBs were comparable for mammary glands of offspring of the two diet groups at PND21 and were lower in mammary glands of BB-exposed offspring relative to those of control offspring at PND50 ( Figure 1E ).
Dietary exposure in utero and at lactation to BB inhibited mammary tumor growth in offspring
Female Wnt1-Tg offspring of dams that were fed CAS or BB diets during pregnancy and lactation were followed for mammary tumor onset up to age 8 months. Exposure to maternal BB diet did not alter mammary tumor incidence in these females, as determined by Kaplan-Meier analysis (Figure 2A ). The average age of tumor onset (5-6 months) was comparable (P = 0.265) between offspring of both diet groups ( Figure 2B ). However, the change in tumor volume, defined as the percentage change in tumor size from initial detection to tumor harvest at 2 weeks postdetection, and tumor weights (measured at tumor harvest and normalized to body weights) were lower for offspring of the BB-fed dams ( Figure 2C and D). Histopathological analyses of the tumors showed Wild-type (WT) dams were mated with Wnt1-Tg males. Dams were fed control (CAS) diet or the BB-supplemented CAS diet from mating through pregnancy and lactation. Wnt1-Tg and WT female pups were weaned to CAS diet. Inguinal mammary gland (4) was collected for RNA (right MG) and whole mount (left MG) from weaning (PND21) pups. For the tumor study, Wnt1-Tg female offspring that were exposed via maternal diet to either CAS (n = 33) or BB (n = 28) were monitored weekly by palpation for tumor development. Two weeks post-tumor detection, serum was collected and tumors were harvested for RNA and protein analyses. (B) Wholemount analysis revealed excessive branching and hyperplasia in mammary glands of Wnt1-Tg female pups at weaning (PND21), compared with WT mice, as previously reported (19) . (C) Shown are the mammary glands of PND50 virgin WT female mice exposed to CAS or BB via maternal diet. (D) Ductal branching was quantified in PND21 and PND50 WT mice. (E) Quantification of mammary TEB in PND21 and PND50 WT mice exposed to maternal CAS or BB diets. Results are mean ± SEM; *P < 0.05 relative to CAS (n = 5 mice per diet, per PND). Bar, 300 µm. 3× magnification.
predominance of solid carcinoma (28) (Supplementary Table 4 , available at Carcinogenesis Online).
Dietary BB exposure postweaning did not alter mammary tumor parameters
To determine if postweaning exposure to BB relative to the control diet, recapitulated the effects of early BB exposure through maternal diet, female Wnt1-Tg offspring of control (CAS) diet-fed dams were weaned (at PND21) to CAS or BB diets and monitored for tumors until age 8 months (Supplementary Figure 1A , available at Carcinogenesis Online). The incidence, onset, change in volume and weights of mammary tumors of Wnt1-Tg females fed BB diets did not differ from those of Wnt1-Tg females fed CAS (Supplementary Figure 1B-3E , available at Carcinogenesis Online). Diet did not affect the type of mammary tumors that developed (Supplementary Table 4 , available at Carcinogenesis Online).
Gestational + lactational exposure to BB diet promoted tumor suppressor expression in mammary tumors
Solid carcinoma tumors from Wnt1-Tg offspring of dams that were fed CAS or BB diets (n = 9/diet group) were evaluated for expression of tumor suppressor (Pten; p53; cadherin 1, Cdh1), proproliferative (Cyclin D1, Ccnd1; c-Myc) and antiapoptotic (Bcl2, survivin) genes by QPCR. Transcript levels of Pten and Cdh1 were increased, whereas those of Ccnd1 and Bcl2 were decreased, in tumors of maternal BB-exposed offspring ( Figure 3A) . Diet did not influence expression of Wnt1, p53, c-Myc and survivin in tumors. The changes in gene expression for Pten and Ccnd1 in mammary tumors with exposure to maternal BB diet were confirmed at the protein level by western ( Figure 3B and C) and for Ccnd1, also by immunohistochemistry ( Figure 3D ). The majority (80%) of tumors analyzed in the BB group by immunohistochemistry had low to undetectable cyclin D1 protein ( Figure 3D ).
Maternal exposure to BB diet decreased microvessel density in mammary tumors of Wn1-Tg offspring
To determine whether the lower tumor volume and weight seen with maternal exposure to BB diet ( Figure 2C and D) could involve regulation of growth factor supply via the vasculature, tumor microvessel density was analyzed by CD34 immunostaining ( Figure 4A ). CD34-reactive microvessel numbers were 2-fold lower (CAS = 57.72 ± 12.1 versus BB = 28.04 ± 2.85; P = 0.039) in tumors from Wnt1-Tg mice exposed to maternal BB diet relative to the CAS-exposed group ( Figure 4B ).
To evaluate possible mediators of the observed decrease in microvessel formation with maternal dietary BB exposure ( Figure 4A and B) , we measured the transcript levels of a panel of genes with known anti-and proangiogenic activities, in mammary tumors of Wnt1-Tg offspring. Tumors from offspring exposed to maternal BB diet relative to those exposed to control diet had higher expression of genes Col4a3 and Thbs1, which were shown previously to inhibit angiogenesis (31,32); no differences for Thbs2, Timp1 or Timp2 transcript levels were observed between the dietary groups ( Figure 4C) . Analysis of proangiogenic genes revealed suppression of Ephb4 (33), Figf (34) and Flt1 (34) transcript levels in tumors from offspring with maternal BB exposure ( Figure 4D ). Similar changes in the expression of other proangiogenic genes such as Angpt1, Mmp2, Mmp9, Vegfa and Vegfc were not observed ( Figure 4D ).
Early exposure to BB diet altered gene expression of DNA methylation and chromatin-modifying enzymes in mammary tumors
To examine potential associations between maternal BB dietary effects on offspring mammary tumor outcome and epigenetic mechanisms, the expression patterns of a select group of DNA methylation and chromatin-modifying enzyme genes were evaluated in mammary tumors by QPCR. Transcript levels of DNA methyl transferase 1 (Dnmt1) and Enhancer of zeste homolog 2 (Ezh2) were higher in tumors from BB-exposed offspring ( Figure 5A ); these changes in transcript abundance were confirmed at the protein level by western blots ( Figure 5B ). In contrast, transcript levels of enzymes involved in histone modifications namely histone deacetylases 1, 2, 3 and 9 (Hdac1, 2, 3 and 9) were not influenced by diet ( Figure 5A ).
Preneoplastic mammary tissues of PND21 Wnt1-Tg female offspring of the two diet groups were similarly evaluated for changes in expression of tumor suppressor Pten and Cdh1, proproliferative Ccnd1 and DNA/chromatin-modifying enzyme (Dnmt1, Ezh2, Hdac3, 6 and 9) genes, by QPCR. The increase in Pten, Cdh1, Dnmt1 and Ezh2 transcript levels in mammary tumors of maternal BB-exposed offspring was also observed in corresponding non-tumor PND21 mammary tissues ( Figure 5C and 5D) . In contrast to mammary tumors, CD34-immunoreactive vessels were quantified in five random areas per tumor sample (n = 3-4 independent tumors per diet group); *P < 0.05 relative to CAS. Anti-angiogenesis (C) and proangiogenesis (D) transcript levels in mammary tumors from Wnt1-Tg offspring exposed to CAS or BB via maternal diet. mRNA levels were determined by QPCR and normalized to Tbp (n = 8-10 mice per diet group); *P < 0.05 relative to CAS, for each gene analyzed. preneoplastic mammary tissue Ccnd1 transcript levels did not differ, whereas those for Hdac3 and Hdac9 were greater with maternal BB exposure. Diet did not alter Wnt1 gene expression in tissues ( Figure 5C ), as shown for mammary tumors ( Figure 3A) .
Maternal diet influenced body weight and hormone levels in tumored offspring
To determine if maternal diet affected endocrine parameters that may influence mammary tumor development long after the dietary exposure, body weights of offspring were evaluated throughout the study, and serum levels of the adipokines leptin and adiponectin and of insulin and IGF-1 were measured in tumored mice at killing. Although body weights of offspring from the two diet groups did not differ at weaning, lower body weights were found for maternal BB-exposed Wnt1-Tg females by PND50 and which persisted for lifetime, when compared with maternal CAS-exposed counterparts ( Figure 6A) . BB-exposed, tumor-bearing offspring showed numerically lower serum leptin/adiponectin ratio ( Figure 6B ), and significantly reduced serum insulin levels ( Figure 6C ). Serum IGF-1 levels did not differ for offspring of the two groups (CAS: 443.47 ± 23.75 ng/ml; BB: 426.11 ± 52.19 ng/ml). Tumor weights were positively correlated with serum insulin levels (R = 0.46; Figure 6D ). Interestingly, although mice exposed to BB diets beginning at postweaning had lower body weights than those of CAS-fed mice ( Figure 6E ), serum insulin levels for mice in these two groups did not differ ( Figure 6F ).
Discussion
This study provides strong support for the significant influence of maternal diet on mammary tumor outcome in progeny. Using the Wnt1-Tg mouse model of spontaneous human breast cancer and BB powder intake at 3% of the diet, amounts which are readily achievable with half to one cup of BBs per day for an average-weight individual, we showed that maternal BB consumption during pregnancy Gene expression of DNA methylation (Dnmt1 and Ezh2) and histone deacetylation (Hdac1, Hdac2, Hdac3 and Hdac9) enzymes was quantified by QPCR in tumors from Wnt1-Tg mice exposed to maternal CAS or BB diets. Tbp was used as a normalizing control; *P < 0.05 relative to CAS (n = 9 per diet group). (B) Top, western blot analyses of DNMT1 (arrow) and EZH2 proteins (50 μg) in tumors from maternal CAS or BB diet groups; each lane represents an individual animal. Bottom, immunoreactive bands were quantified by densitometry and normalized to β-actin; relative values are presented as histograms (*P < 0.05 relative to CAS). (C) Gene expression of proliferative (cyclin D1, Ccnd1) and proapoptotic/prodifferentiation (Pten; E-cadherin, Cdh1) markers was evaluated in mammary glands of Wnt1-Tg mice at weaning (PND21). (D) Gene expression of DNA methylation (Dnmt1 and Ezh2) and histone deacetylation (Hdac3, Hdac6 and Hdac9) enzymes in mammary glands of weaned Wnt1-Tg mice exposed to CAS or BB via maternal diets. Tbp was used as a normalizing control; *P < 0.05 relative to CAS (n = 6 per diet group).
and lactation elicited reductions in mammary tumor weight and tumor volume in adult progeny, resulting in a more favorable prognosis. The suppression of mammary tumor growth with early BB exposure, which was not recapitulated when the same BB diet was introduced during early childhood (postweaning) and continued through adulthood, suggests that the effects of early BB exposure with later adult Fig. 6 . Maternal BB exposure lowers body weight and suppresses serum insulin levels in Wnt1-Tg offspring. (A) Body weights of Wnt1-Tg mice enrolled in the tumor study were recorded monthly from weaning (PND21) until study conclusion (up to 8 months). *P < 0.05 relative to CAS. (B and C) The ratio of serum leptin to adiponectin levels and serum insulin levels, respectively, were measured for tumor-bearing Wnt1-Tg mice at killing as described in Materials and methods (n = 9 per diet group). (D) Correlation between serum insulin and tumor weight (normalized to body weight) in Wnt1-Tg tumored mice exposed to CAS (circle) or BB (triangle) via maternal diet. The Pearson correlation coefficient is 0.46; P = 0.05. (E) Body weights and (F) serum insulin levels for mice fed CAS or BB diets beginning at weaning until killing. *P < 0.05 relative to CAS. consequence, probably occurred during an early window of mammary gland development. We further showed that the inhibitory effects of early BB exposure on mammary tumor growth are associated with: (i) elevated expression of tumor suppressors PTEN and E-cadherin and lower expression of anti-apoptotic Bcl2 and proliferative cyclin D1, genes in mammary tumors; (ii) an early increase (at weaning) of PTEN and E-cadherin gene expression in mammary tissues, which was accompanied by reduced ductal side-branching in developing (PND21) and young adult (PND50) and lower TEB numbers in young adult (PND50) mammary glands, respectively, and (iii) decreased intratumoral microvessel density and decreased and increased expression, respectively, of a subset of pro-and anti-angiogenic genes. The differences in ductal branching with early BB exposure are not likely due to differing estrous cycle stage at the time of tissue collection because these were observed even at PND21, when these mice have not begun to cycle. Moreover, we previously demonstrated that exposure to BB through maternal diet did not promote sexual maturity (22) . We provided evidence to suggest that the effects of early dietary BB exposure on gene expression patterns in preneoplastic mammary tissues and mammary tumors may involve epigenetic modifications through early BB effects on EZH2 and DNMT1 expression, both of which regulate the expression of many developmental genes (36) . Finally, we showed that the long-term effects of maternal BB diets are associated with altered metabolic parameters in offspring, manifested as decreased body weights, lower serum insulin levels and diminished leptin/adiponectin ratio, all of which are negatively linked to breast cancer progression (37) (38) (39) .
In this study, we utilized Wnt1-Tg female mice as an in vivo model for human breast cancer because numerous targets of the Wnt signaling pathway are overexpressed or deregulated in breast tumors (40) . Moreover, we have previously demonstrated that tumor suppressors PTEN and E-cadherin, which are linked by their regulation of β-catenin degradation and nuclear transport (41, 42) , are in vivo and in vitro targets of diets/dietary factors with breast cancer protective effects (29, 30, 43, 44) . Although maternal BB diet did not reduce Wnt1-induced tumor incidence, most likely because highly activated Wnt signaling is a powerful driver of breast cancer initiation (19) and activation of this pathway could not be inhibited or reversed by bioactive components present in BB, limited early exposure to this diet was sufficient to alter the trajectory of mammary tumor volume/weight in offspring. The latter suggests the protective effects of early exposure to BB on pathways involved in tumor progression. The lack of a similar 'rescue' of overactivated Wnt signaling by provision of the BB diet at postweaning and through adulthood, suggests that a critical developmental window of mammary gland development is affected by maternal nutrition. The latter possibility places the maternal (in utero/lactational) environment as a highly relevant nutritional target for breast cancer prevention (45) .
Although this study did not address the in utero/lactational mechanism(s) and the precise mediators by which maternal BB exposure influences offspring mammary gene expression and hence, breast cancer risk and outcome, it is possible that maternal BB intake may reduce oxidative stress, limit the inflammatory milieu and oppose mitogenic signals within the uterine microenvironment of the developing fetus, thereby leading to metabolic changes with later consequences. In this regard, BB polyphenolic acid metabolites, which are highly bioavailable, are known to display high anti-oxidative potential (46) . Further, BB intake has been recently shown to negatively affect proinflammatory gene networks involving IL-13 and IFNγ and to suppress Wnt/β-catenin signaling pathways through its induction of Wnt inhibitor SFRP4 (23) . In a recent study, we demonstrated that several BB polyphenolic acids present in sera can inhibit mammosphere formation of human breast cancer cells, the latter a measure of mammary stem cell activity (47) . These findings raise the interesting possibility that stem cell pathways in developing mammary glands may be influenced by early BB exposure through maternal diets. Maternal obesity and high fat/high calorie maternal diets have been shown to impose a proinflammatory state on the fetus (48) , and the latter has been suggested to underlie some of the adult chronic diseases associated with metabolic syndrome in adult offspring of obese dams (12, 13) . Although we did not find differences in body weights of dams consuming CAS or BB diets, similar to a previous report in rats (22) , the observed lower body weights, serum insulin levels and serum leptin/ adiponectin ratio in adult offspring of dams fed BB diet, relative to those of dams fed CAS, are consistent with suppression of a proinflammatory environment associated with obesogenic conditions, with maternal BB intake. Interestingly, pups exposed to BB diets beginning only at postweaning, although exhibiting lower body weights than those fed CAS, did not manifest the lower insulin levels attributed to early (pre-and postnatal) BB exposure. Thus, life-long effects of maternal BB consumption in the suppression of mammary tumor progression in adult offspring may be attributed to developmental programming of insulin sensitivity as well as of anti-inflammatory response, both of which can be mediated by epigenetic mechanisms, to counter the negative effects of adipogenesis and insulin resistance.
Formation of new blood vessels (i.e. angiogenesis) is essential for breast cancer progression, and increased microvessel density in breast carcinoma has been correlated with tumor size, grade and lymph node metastasis (49) . Our findings of decreased microvessel density and alterations in the expression of a subset of genes known to inhibit angiogenesis (31) (32) (33) (34) (35) in mammary tumors of Wnt1-Tg offspring that were exposed to maternal BB relative to control diet indicate that early BB exposure could modulate intratumoral angiogenic factor levels. The latter possibility provides a testable mechanism (to be addressed in future studies) by which maternal dietary BB intake may influence tumor outcome in women predisposed to breast cancer due to aberrant activation of Wnt signaling.
Bioactive dietary factors have been reported to be potent modifiers of the epigenome, exerting influence on the expression and/or activity of numerous chromatin-modifying enzymes (50) (51) (52) . Herein, we found that exposure to BB through maternal diet increased the expression of Dnmt1, Ezh2 and Hdac3 and Hdac9 genes in non-tumor (preneoplastic) mammary tissues of weaning offspring and these effects persisted for DNMT1 and EZH2 in mammary tumors. Although these findings implicate changes in DNA methylation and histone modifications as important for the protective effects of maternal BB exposure in offspring mammary tumor outcome, the endogenous gene targets of these epigenetic changes remain unclear. An earlier study reported that dietary intake of black raspberries by patients with colon tumors led to decreased DNMT1 protein levels and reduced methylation (and hence, activation) of anti-proliferative p16 and Wnt suppressor genes (53) . Paradoxically, inhibition of mammary tumor progression by maternal BB exposure was associated in this study with higher PTEN levels coincident with increased DNMT1 and EZH2 expression. In other studies, increased methylation of PTEN gene promoter by DNMT1 (54) and EZH2 (55) has been reported to result in lower PTEN expression and higher Akt activity, leading to increased breast cancer invasion and metastasis (56) . Although we have no experimental data to explain our results at the present time, we suggest that dietary exposure under distinct contexts (e.g. tumor versus normal, non-tumor) leading to similar DNA methylation status might elicit different effects. Indeed, it is worth noting that an increase in DNA methylation may be beneficial under some contexts (16) . In that study, in utero exposure to bisphenol A, which caused DNA hypomethylation in mouse offspring, was counteracted by supplementation of maternal diet with folic acid or the phytoestrogen genistein, leading to DNA hypermethylation. Thus, some early epigenetic marks persisting to adulthood in mammary tumors may be beneficial. Further studies to identify changes in global and promoter-specific methylation events elicited by BB in mammary tissues and tumors using more sophisticated procedures of DNA methylation profiling will address these apparent discrepancies.
In conclusion, our use of the Wnt1-Tg mouse model of human breast cancer has provided compelling support for the maternal (in utero/lactational) environment of the developing mammary gland as a modifiable determinant of breast tumor growth/progression in adult progeny. In light of the life-long effects of the limited (maternal only) dietary exposure described here, the notion of pubertal mammary development as most susceptible to 'tumorigenic insults' may need reconsideration. Given the many health risks that can be imposed by obesity and poor dietary choices of pregnant and nursing mothers on their progeny, further studies on nutritional epigenomics and programming and how these may underlie breast cancer outcome and influence treatment of the disease are warranted.
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